This study applies FPGA (Field Programmable Gate Arrays) technology to implement a motion controller for wafer-handling robot which has three-DOF (Degree of Freedom) motion. The proposed FPGA-based motion controller has two modules. The first module is Nios II processor which is used to realize the motion trajectory computation and the three-axis position/speed controllers. The second module is demonstrated to implement the three-axis current vector controllers by using FPGA hardware, and VHDL (VHSIC Hardware Description Language) is adopted to describe the controller behavior. Therefore, a fully digital motion controller for wafer-handling robot, such as one trajectory planning, three current vector controllers and three position/speed controllers are all implemented with an FPGA chip.
INTRODUCTION
Due to the rapid development of IC manufacturing, the automated wafer-handling system has become the important technologies of IC equipments [1] . Especially, the automated wafer-handling robots play a primary role in this system, which execute the tasks of exact location and handling wafers among the different working procedures with rapidly and smoothly transfer [2, 3] . To increase the performance and the productivity of the wafer-handling robot, controller architecture and controller algorithm are currently an exciting and highly challenging research focus. However, as for robots control, several solutions for implementing the control architecture have been proposed [3] [4] [5] [9] [10] [11] . PC-based or processor-based controller is adopted as the control architecture for early years. For example, Cong et al. [3] used PC-based microcontroller for a wafer-handling robot. Kabuka et al. [4] applied two high-performance floating-point signal processors and a set of dedicated motion controllers to build a control system for a six-joint robots arm. Yasuda [5] adopted a PC-based microcomputer and several PIC microcomputers to construct a distributed motion controller for mobile robots. In recent years, due to the advantages of the programmable hard-wired feature, fast timeto-market, shorter design cycle, embedding processor, low power consumption and higher density, FPGA have been widely investigated for implementing digital system. Hence, many practical applications in motor control [6] [7] [8] and multi-axis robot control and platform [9] [10] [11] [12] have been studied. In addition, the novel FPGA technology is able to combine an embedded processor IP (Intellectual Property) and an application IP to be an SoPC (System-on-a-Programmable-Chip) developing environment, allowing a user to design an SoPC module by mixing hardware and software [13, 14] . As a result, the software/hardware co-design increases the programmable, flexibility of the designed digital system and reduces the development time. Additionally, software/hardware parallel processing enhances the controller performance.
To exploit the advantages, this study presents a fully digital motion controller for a three-DOF waferhandling robot based on the novel FPGA technology, as shown in Fig. 1 . The mechanical architecture of the wafer-handling robot presented in this paper is similar with [3] . It consists of lift, rotation and radial linear stretching components which are used for realizing Z axis (up-down) movement, R axis (rotation) movement and T axis (radial linear stretch) movement [3] . The proposed FPGA-based motion controller has two IPs. One IP performs the function of a PTP (Point-to-point) motion trajectory and three position loop fuzzy controllers for wafer-handling robot. The other IP performs the function of three axes current vector controllers. The former is implemented by software using Nios II embedded processor and the latter is realized by hardware in FPGA. Hence, all functionality required to build a fully digital motion controller for a three-DOF wafer-handling robot can be integrated in one FPGA chip. In addition, the hardware/software co-design technology can make the motion controller of wafer-handling robot more compact, flexible, better performance and less cost. The FPGA chip adopted herein is the Altera Stratix II EP2S60F672C5ES, which has 48,352 ALUTs (Adaptive Look-Up Tables), maximum 718 user I/O pins, total 2,544,192 RAM bits. And a Nios II embedded processor which has a 32-bit configurable CPU core, 16 M byte Flash memory, 1 M byte SRAM and 16 M byte SDRAM is used to construct the SoPC development environment. Eventually, an experimental system included by an FPGA experimental board, three sets of inverter and a wafer-handling robot is set up to verify the correctness and effectiveness of the proposed FPGA-based motion controller.
SYSTEM DESCRIPTION AND MOTION CONTROLLER DESIGN
In Fig. 1 , the wafer-handling robot has three-DOF motion with lift (Z axis), rotation (R axis) and radial linear stretch (T axis). Each axis is driven by a PMSM. And the vector control, PI control and fuzzy control are respectively adopted in current loop, speed loop and position loop for each servo axis. Besides, the PTP motion control is used to design the motion trajectory. 
Mathematical Model of PMSM
The typical mathematical model of a PMSM is described, in a two-axis d-q synchronous rotating reference frame,
where v d , v q are the d and q axis voltages; i d , i q , are the d and q axis currents, R s is the phase winding resistance; L d , L q are the d and q axis inductance; ω e is the rotating speed of magnet flux; λ f is the permanent magnet flux linkage. In Fig. 1 , the current loop control of PMSM drive in each axis is based on the vector control approach. That is, if the i d is controlled to 0 in Fig. 1 , the PMSM will be decoupled and controlling a PMSM like to control a DC motor. Therefore, after decoupling, the torque of PMSM can be written as the following equation,
with
Finally, considering the mechanical load, the overall dynamic equation at each axis of the robot is obtained by
where T e is the motor torque, K t is force constant, J m is the inertial value, B m is damping ratio, T L is the external torque, s p represents the displacement (T p , Z p or R p in Fig. 1 ) at each axis and r is the ratio between the output displacement and the motor's rotation angle.
Fuzzy Controller (FC)
In Fig. 1 , the position controller in each axis of wafer-handling robot adopts fuzzy controller, which includes fuzzification, fuzzy rules, inference mechanism and defuzzification. Herein, an FC design is presented. At first, the position error and its error change, e, de, are defined by
The K er and K der are the gains of the input variables e and de, respectively, and u f is the output variable of the FC. The design procedure of the FC is as follows:
(a) Take the E and dE as the input linguist variables, which are defined by
, B 6 }, respectively. Each linguist value of E and dE are based on the symmetrical triangular membership function. The symmetrical triangular membership function are determined uniquely by three real numbers
(b) Compute the membership degree of e and de. Figure 2 shows that the only two linguistic values are excited and gave a non-zero membership in any input value, and the membership degree µ A i (e) can be derived, in which the error e is located between e i and e i+1 , two linguist values of A i and A i+1 are excited, and the membership degree is obtained by
where e i+1 −6 + 2 * (i + 1). Similar results can be obtained in computing the membership degree µ B j (de) .
(c) Select the initial fuzzy control rules, such as IF e is A i and ∆e is B j THEN u f is c j,i ,
where i and j = 0 ∼ 6, A i and B j are fuzzy number, and c j,i is real number.
(d) Construct the fuzzy system u f (e, de) by using the singleton fuzzifier, product-inference rule, and central average defuzzifier method. For example, if the error e is located between e i and e i+1 , and the error change de is located between de j and de j+1 , only four linguistic values A i , A i+1 , B j , B j+1 and corresponding consequent values c j,i , c j+1,i , c j,i+1 , c j+1,i+1 can be excited, and Eq. (9) can be replaced by the following expression:
where d n,m µ A n (e) * µ B m (de). And those c m,n denote the value of the singleton fuzzier. 
Motion Analysis of the Main Arm
The main arm of the wafer-handling robot used in this study is shown in Fig. 3 which is a four-bar linkage mechanism consisted of gear trains, belts, links and a fork. Figure 4 show the whole motion process of the main arm in real system. The link I at main arm is indirectly driven by a PMSM. Then, it will drive the link II and fork through transmission of gear train and belts. By appropriate design in gear ratio of link I and link II with 2:1 and 1:2, respectively, the fork at the end of the main arm can keep in a fixed straight path during the whole motion process, as shown in Fig. 4 . Therefore, a rotation motion in PMSM will transfer to a straight back-and-forth motion for the fork of the main arm.
Since the sensors are difficult to install at the tip of the main arm to measure the fork position, the way to obtain the fork displacement can only be indirectly computed by the rotation angle of the PMSM. Figure 3b shows the kinematic diagram of the main arm and its kinematic analysis is as follows. First, the input of the main arm is the rotation angle of the PMSM and the output is the fork's displacement. Again, the length of link I and link II is l and the gear ratio between at the gear of PMSM and at the gear of the link I is 1 : r a . Then, from Fig. 3b , the forward kinematic equation of the main arm can be formulated by
and
where θ m is the rotation angle of PMSM, θ l is the rotation angle at link I and T p is the displacement of the fork. In our experimental system, the l is designed with 250 mm and r a is chosen by 20; therefore, if PMSM rotates five cycles, the motion in link I is rotated between 0 and 90 • and the stroke of the straight motion in the fork is between 0 and 500 mm. Further, from Eqs. (11)- (12), the inverse kinematic equation in Fig. 3b can be obtained by
where the input is the fork's displacement and the output is the rotation angle of PMSM.
Point-to-Point (PTP) Motion Trajectory Planning
For smoothly motion of wafer-handling robot, the PTP motion trajectory designed with the trapezoidal velocity profile is commonly used. And its formulation is shown as follows:
Where 0< t < t a is at the acceleration region, t a < t < t d is at the constant velocity region, and t d < t < t s is at the deceleration region. The s p represents the position command in T axis, Z axis or R axis of the wafer-handling robot; A is the acceleration/deceleration value; s 0 is the initial position; v m is the maximum velocity; t a , t d and t s respectively represents the end time of the acceleration region, the start time of the deceleration region and the end time of the trapezoidal motion. Figure 5a illustrates the internal architecture of the proposed FPGA implementation of a motion control IC for wafer-handling robot. The FPGA chip adopts Altera Stratix II EP2S60F1020C4 which has with 48,352 ALUTs, maximum 492 user I/O pins, 36 DSP blocks, 2,544,192 bits of RAM, and a Nios II embedded processor which has a 32-bit configurable CPU core, 16 M byte Flash memory, 1 M byte SRAM and 16 M byte SDRAM, is used. The internal circuit comprises a Nios II embedded processor IP (Intelligent Properties) and an application IP. The Nios II processor is depicted to perform the function of the sequence motion, the PTP motion trajectory, generate the position command, fuzzy controller and communicate with the external device. The clock frequency of the Nios II processor of is 50 MHz, and all programs are coded in the C language. Figure 5b illustrates the flow charts of the main program, subroutine of point-to-point trajectory planning and the interrupt service routine (ISR), where the interrupt interval is designed with 1 ms. The application IP includes mainly three current controllers, three QEP, SVPWM and ADC interface circuits. The sampling frequency of the position control loop is designed with 2 kHz. The frequency divider generates 50 Mhz (Clk), 25 Mhz (Clk-step) and 16 kHz (Clk-ctr) clock to supply all circuits in Fig. 5a . Finally, the FPGA utility of the motion control IC for wafer-handling robot in Fig. 5a is evaluated and the result is listed in Fig. 6b . The overall circuits included a Nios II embedded processor (5.6%, 2,715 ALUTs) and an application IP (14.5%, 7,020 ALUTs), use 20.1% (9,735 ALUTs) utility of the Stratix II EP2S60, while the memory using 819,968 bits occupy 32.22% of the total FPGA memory resources. 
THE DESIGN OF A MOTION CONTROL IC FOR WAFER-HANDLING ROBOT

EXPERIMENTAL SYSTEM AND RESULTS
The overall experimental system is depicted in Fig. 6a . This system includes a wafer-handling robot, an FPGA experimental board and three sets of voltage source IPM inverter. The wafer-handling robot is a three-DOF mechanism and is driven by three PMSMs. The robot consists of lift, rotation and radial linear stretching components which are used for realizing Z axis (up-down) movement, R axis (rotation) movement and T axis (radial linear stretching) movement. The power, rating voltage, rating current, rating torque and rating speed of PMSM are 400 W, 129 V,2.3 A, 1.3 N*m and 3000 rpm, respectively. A 131,072 ppr absolute-type encoder attached to PMSM is used to measure the motor's electrical angle and position. The wafer-handling robot has three servo axes (T axis, R axis and Z axis). The working ranges of the waferhandling robot are at main arm stretching with 0-500 mm (T axis), at table rotation with 0-190 • (R axis), and at table lift with 0-70 mm (Z axis). The gear ratios are designed in T axis, R axis and Z axis with 1:20, 1:30 and 1:3, respectively. A ball screw is used in Z axis for transforming a rotate motion to a linear table up-down motion, and its lead is 5 mm. Each inverter has one set of Mitsubishi IPM (Intelligent power module, IPM PS21265-AP) which collector-emitter voltage is rated as 600 V, collector current is rated as DC 20Å and in short time (1 ms) is 50Å. The photo-IC, Toshiba TLP250, is used for gate driving circuit of IPM. Input signals of the inverter are PWM signals from FPGA chip. The FPGA chip adopts Altera Stratix II EP2S60F1020C4 which is used to develop a full digital motion controller for a wafer-handling robot. The motion trajectory and three-axis position servo control are implemented by software using Nios II embedded processor, and the three-axis current vector controller are implemental by hardware in FPGA.
In the experimental system, the PWM switching frequency of inverter is designed with 12 kHz, dead-band is 1 µs, and the sampling frequency in current loop and position loop of the PMSM are designed with 16 kHz and 500 Hz, respectively. In experiments, the position step response is firstly used to evaluate the dynamic performance of the proposed system. For test whether the controller performance will been effected at different fork position (T axis) when main arm stretches out, the fork position command with square wave and 10 mm amplitude between 220 mm to 230 mm and between 420 mm to 430 mm are evaluated and the results are shown in Fig. 7 . The rising time, overshoot and steady-state value in Fig. 7a are 120 ms, 5% and 0 mm, and in Fig. 7b are 60 ms, 15% and 0 mm. In Fig. 7 it is shown that the system has the similar and acceptable response performance at different fork position when the main arm is stretches out. In addition, the step response for rotation motion (R axis) and up-down motion (Z axis) of the wafer-handling robot are considered and those results are shown in Figs. 8a and emulation of the wafer unloading/loading is considered and operated. Its overall motion process is designed with 10 motion steps which is sequentially started from Fig. 9a . Steps 1 to 5 belong to the wafer unloading process and Steps 6 to 10 are the wafer loading process. To smooth the motion at each step transfer, a point-to-point (PTP) position motion trajectory is adopted and its tracking performance of the wafer-handling robot is shown in Fig. 9b which the displacements in T axis, R axis and Z axis tables are designed with moving ranges with 0-500 mm, 0-90 • and −10 to 0 mm displacement, respectively. In PTP position motion trajectory, the trapezoidal velocity profile is considered and the acceleration and maximum speed in T axis, R axis and Z axis tables are respectively designed with 300 mm/s 2 and 500 mm/s, 276.8 • /s 2 and 91 • /s, 24 mm/s 2 and 10.1 mm/s. The position tracking errors in T axis, R axis and Z axis tables are less than −0.5 to 1.2 mm, ±0.15 • and ±0.03 mm, respectively. It can be seen that the motion for each table of wafer-handling robot can give a perfect tracking with command target in position trajectory. Therefore, from the experimental results in Figs. 7-9 , it is demonstrated that the FPGA-based motion control system for wafer-handling robot is effective and correct.
